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A HOT-WIRE CIRCUIT WITH VERY $MALL !!21M3LAG .-—.—
1’ .-

By John It. Wsske
,/

. , .
.—

SUMEARY

A circuit for a hot-wire anenorneter fob the measure-
ment of fluctuating flow is prasent’ed in the preserif” re- “ ~-
port . The principal eI-ements of the ci.rc.uit.are_~~wli{at”- “-’ “’”-
stone bridge? one %r”sn&li of “wbicm i“~’--t%e”hot wire; nnd &n- ““ ‘-
electronic amplifier and a current regulat-or for the bridge ‘-
current which in combination maintain the br”i.”d&”balafic”&”““- ‘“--’
constant . Henc”e’the hot wire is kept a% prtictic~~~y Cori- “--”--““”
stlant resistance and temperature, tind the time lag c“ause~ ‘“ “;-
%y thermal ’inerti~ of the’ wire is tho.re%y reduced..

.’ .=e-

Through the addition of a nonlineq,r amplifying stago ‘“’
tho reading of..tQ_e ~~st”rtiment hA”s-titien-”’r=&tid6re~-’@io”jo5-
tion.al to the velocity. . : ~ ‘“-”.”’”’“-=.=-----.-—- .:+ .-.-” _.-.,,.. .....---2..--.”.“_ ,.-—-., .-...

A discussion of certqin characiieristics “of~tlle”c-ii-
cuit wnd “the .re.suits of ‘r-el~ted c+i~ibd+t~o~ te’sts tire
given. .. ..--- . ... :-. ..“---- :: :==-T-T-T---.:----

,.. .—._.,_.. ....* --------.-- -_-:-
“ INTRODUCTION “

.-... .-—-. -.
,. -.: . ..,..

The- circuit presented in the present reportj i$_ tho
result of. work coudu”cted s“i’nce~afiu-tiry“1”94”(”-~~”CaseScho~-
of Applied Science in connecticti with a ‘reseSr-ch project
sponsgr~d by the ~Tation>.1 Advfsory Committee “fo’F”A’6r~nXu-- “ ‘“-”‘-”
tics, ?lt the GrP&u~te School of Engineer~n~=of Htirvard
University where the b.,sic idep.”was evo”lved in August -------- .

1940, and at tho National Buren-u of 6’tn..ti@wds”-w%are staff ‘ ,
members of the- Aerodyna~ics Section tested the’~rcu~l”’ “’
and suggested various impr6+Sn6nts. .S~OCi~~ acknowledg-
ment is du5 Mr.. Ernest “R. Jervig of ~ast Or~nge, ~= J: ?
who designed the original ‘w&-tn~ ci.rcu~t-~ .sugges”ted th~ ...—— -

use of the various elect roni-c “d’evicost ,~,nd proposed Sol”u-- - ‘-=””’
tions of numerous elect ric+”~ pro b16tis. An Ipprovenerit of
the origi~l, cirquit d~sig~ated circuit I w’as desigried
=,nd tested by &.. ~. ‘R.”Kti~tiowikz””tifthe NAC&”’a”n@ iti i“ri-

. .
.

. . . . ~-==..—

)--..
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cludod in tho report as”circuit .11. Mr. Kantrowitz qlso
suggostod the nethod discussed hereinafter for calibrating
the bridge for alternating-current unbalance “i

* I

THE’ CIRCUIT

The hot-wiro circuit consists of the following princi- .I

pal elements: 1

(a) a Whetstone bridge, one branch of which ie
formed by the hot wire .

(b) a regulating circuit far the bridge current in-
cluding a battery and one electronic valve

(c) an electronic direct-alterntiting-current amplj.-
fier operated .by slight variations of the un-
balanc~ of the bridge and controlling the cur-
rent regulat-or. .f––

Three forms of the circuit, which appear to have certain
merits and “are therefore presented herewith, were evolved i

in the cmrfim of the development.

Circutt I (fig. 1) was found to operate satisfactori-
ly P..tfrequencies below 2000 cycles; at higher frequen-
cies, ‘the compensating action is impaired by the eFLpaci-
tances of batteries B3 and B~ with respect to grouad,
which produce shunting of the plate resistances R5 and
I?6, respectively.

In circuit 11 (fig. 2), the shuntin~ capacitances
have been reduced and the responsp of the instrument INLS
been thereby extended to higher frequencies, althout:h -
this condition increased the number of batteries required.

In the b~.sio circuit III (fig. 3), small neon tubes
(reference 1) ~re used to couple successive amplffior
stages. This circuit iS simpler than circuits I ~nd II.

The basic circuit ZII, or any of the basic circuits,
mm,y be pro?ziilod with an additional amplifier stngo, also
shown in figure.3, nnd through this ccmbinntion’ it ie
poeslble to obtain readings propoztj.onal to the wi.nt ve- *
locity past the hot wir~.. This proyortlonal ch~ractor-
istic is obtained by operntimg certain electronic tubes

A

●

.-

.



.

*

*-

0

which have been. fgund sui.table fcr the purpose in the non-
linear range of its characteristic. The additional stage
is tharefore referred. to as the “nonlinear amplifier stage.’t

The circuit constants are given for ctrcu~ts I, II,
and III in table I.

PRINCIPLE OF 0P3RATION

If certain dynamic effects dl.scussed later are neg-
lected,

--
the operation of the basic circuit can be explained ““’

as follows: The oircuit 3.s assumed to be’ operating at a
qiven condition of equilibrium. Then a disturbance, such
as may be produced by a chan”ge of velocity past the hot
wire occurs, causing a variation of”re”sistance of the hot
wire and consequently a variation of potential between
points (2) and (4) of the bridge (fig. 1). This electric
impulse is transm’ftted and amplified h-y the amylifier
i3tages. A vari.atf,on of the potential between grid and
cathode of the current-regulating tu%es and a e6%re8pond-
ing vnriation of the hot-wire current is the result. The
resistance .of the hot wire, is thQr6by var”ied in such a way
a-s to counteract the original di”stur%ance~ arid a-h6w cons
di.tion of equilibrium is established. ““”BYproper choice
of the amplification ratio of the amplifier \t is p.:ssibte~
within certain limits imposed by tube chara’cteristic~ and
stability of the circuitj to make the difference h$t~een
the hot-wire resistance of the origi~al and the new #osi-
tion of equilibrium very small. (@@@&@.@’&&m>. -- ““.,,.:m! ........ ..--

In addition to the reduction of fluctuation of hot-
wire resistance, there is a corresponding reduction of the
time lag of response to variation of the condition Of oP’-
eration, provided the effect of capacitances in the Cir-
cuit is also kept small. This provisicn is necessary he:
cause the magnitude of the time lag depends both upon the
residual thermal inertia of the wire and upon the effect-
cf such capacitances,

Hot-wire readings with this circuit are obtained by
measuring directly the heating current or by measuring a
quantity proportional to it, such as’ the grid voltage of
the current-regulator tubtis with resp’ect to the ground.-”-

;-.. —--

In order to obtain a reading linear with velocity, use
is made of an additional amplifier stage. oper~ted in a

—
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range, .of its characteristic, an which the exponent of tho
vnri~tion of pl.ato current with grid potenti~l, exproseod .
in exponential form, is oqunl to tho reci.proc”al of the ox-
poncnt rolnting variations of heating cu.zront and of v~-
locity past the hot wirb. !Cubcs,” such as those listed in
td)le 111, were found to havo a suitnblo ranga in which
stablo oporation may be obtained. When adjusted for lin-

earity between reading and velocity, the circuit mny bo
cxpectod tm-m~asure the mean velocity of fluctuat-lng_ roc-
tilinoar flow.

If, instaad of mean velocities, moan rates of momen-
tum of fluctuating rectilinear flow ~ro to be measured, a
nonlinear .%mplifying stago adjusted to givo n rending pro-
portionr.1 tio tho squn~e of the veloc$ty mny bo oxpectod to
givo tho doeired readings,

CHARACTERISTICS 03’ OPMRAT?ION AI?D CALIBRATION TESTS

Variation of Heating Current with Velocity

If cotistnnt resistance of the hot wtre, or zero rAt-

of incre~,ee of heat energy in’the .wiro ~“ = o is assumed,. .
the balance of oncr.gtis supplied io.aad dissipated by the
hot wire may be exprassed by King{s equation. (roforePcos_ 2
~nd 3), ,.

(1)

where ‘

R resistance of.wire (maintained constant)

T temp,era+rure of wire (msintairied constant)

To air te’hiperature .-,.

v“” inst~.ntaneous wind veloclty . -

k(!P-:T”o)rate of-heat loss from wi.re:by radiation and free
convection . .

C fi(T-’To) rate of heat loss from viro by forced convoct$on
of air stream at sp-oed T

?

.-

*

,- - ==

8“
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A circuit, shown In figure 1, was calibrated by mess-
uring the heating current over a certain range of air ve-
l~citiee. Several runs were made with various heating
currents i ak zero speed. The hot wire used in theee
teets was a“tungstqn wire 8.6 microns in diameter and 5 ‘
millimeters long.

The results are shown in fi@re 4, in which the
square of the heating current ia has been plotted against
the square root of the velocity fi. These experimental
data are in qualitative agreement with equation (l). The
operation of thp circuit was sta%le throughout the range
tested. -.— __

Over-All Transconductance of the Circuit

Response ,of the circuit to variations of Teloci.ty and
to fluctuating velocity may be analyzed by investigating
the over-all transconductance of thQ circuit.

—
.,

The ovor-all trarlscon.ductanco gm
●* is defined as the

ratio of variation of heat current of the wire i to
variation of unbalance ,Qf,tho %ridge- e. .

-.

Since the branch Cn the bridge parallel to that contqinin~

-)

the hot wire has a resistance Approximately. 1.00 t~mes that
of the hot wire, the bridge current may be consi~e~ed %
equal to the heating current of the vire without incurring
an appreciable error. d

.

The over-all t~ansconductance is given by the equation
..

●
❞❞

over-all transconductance

transconductance , 3d or cu”rrent-regulator stage‘m ~

w amplification ratio
.—.. __

.

T—.



load res~stance . .
‘b, . ~ .. :

.,

‘??
plate resistance ~

.. ---
.

k ratio of stage amplification with neon-tube-coupling
loss to stage amplification with zero-coupling
loss (K is defined later)

●

,.
.W, effecii’ve eta[~e-amplificati on hatio .

$ feedback factor “

Subscripts z,a, .... refer to lst, 2d, .... stnge, re-
spectively. ,

.

The investigation has been c~rried out for a basic cir-

cuit , shown in figure 3. It is” applicable generically,
howetier, to the other two circuits as well.

In an~lyzing the over-all transconductance the follov-
ing effects, which will be discussed in det~il, have been t
considered:

(a) The coupling loss through the neon-tube coupling +

(b) The loss of amplification from the PO~~n~~~l dif - “-” - -
ference across the resistance r~
bridge.

(c) The ef+e~t of alternating-current unbalance of
the bridge

(d.) The effect of–direct-current unbalance of the
bridge .,.. .

(e) The effect of interelectrode capacitances

.Coumlinc loss throu~h neon-tuhe ”couplin~.- It can be -: ._ ._

shown that the coupling tiss” through ne”o-n-tube coupling”
(fig. 5(a)) may be expressed through the factor

4=

., (3) ●

.

This loss may be kept small by choosing the grid-leak re-
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si stance Z?k large- as compared with the load resistance
rb of the:yrevious stage. With the data for circuit 111

(fig. 3), this factor has a value of k =.0,.8? for the
first amplifi.eg..stag80 .._

In order to provide against instability that might
originate in the neon tube, an additional resistance ~

and r14 for the first and second stage, respe~tfvely

(fig. ?), may be inserted to produce a voltage-ai~id~r
effecte

The 10SS of amn lification from the.v otential dif fer-

~nce across the res~stance r% of the bridge.’- It is seen
that as the bridge current i increases due to an increase

. of grid voltage of the current-regulator stage eg (fig.

5(b)), point 4 of the bridge becomes more negat~v~ ~~th
respect to point 1, and consequ~n”tly there ‘is a 6orr6sp6nd-
ing decrease of the voltage ‘g3”

If
b. ,,

-: .-—
i’ s“i –

* and if the effective transconductanoe; defined bY .
.—.—— ----

., -gm ai”..,.
gm3[ = ~

—-= .“.
,,. - M3’ P= ?30 g

3’

.

,-——

J-

.

--

.
where

ai “and
g~3 = — .= Ae5”,4 ~ r3 i’

-—.
a1305,4 ‘g= ,. . “.

i,s“introduced, then”
., . .

=-... .-
gma

gm31 ‘~ +r- -—._ _
= gm~ ...-

. . . . . .-—

s, and the feedback,fa~tor for the. current-regulator stage is.. ...
. 1

. ,’,, ,,,

For the circuit constants ‘of ci,rcuit III,
----- ,

P
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r = 30 ohms

‘gm3‘ 7000 micromhos for one tube and

14,000 micromhos for two tubes

it has the value

1 0.826 and 0.705, respectively.
l+r3gm3 =

The effect of a~t erna tnl.nF-cuxrent Ullbalau ce of the
bridge,- Alternating-current unbalance may be caused bY
inductances or capacitances in the individual branches of— -
the bridge. In general, their value can be kept low by
appropriate design, Gxcept for the capacitance of the
shielded hot-wire leads, the length of whfch dependg u~n
the distance %etweon the hot wire and t-he instrument.
Their capacitance is of the nature of a distrilmted capac-
itance. In certain cases it may be compensated for by
placin~ the resistance r~ on leads of the same kind and

of equal length as the hot-wire leads, provided that this
arrangement daes not affect the feedback of tbe current-
regulat-or stage discussed In the preceding section. The
effect of capacitances or inductances in the four branches
of th~-bridgo may be .takQn i~to account through R reduced
capacitance Cred parallel to the hot wire, since it will
be seen thatithe residual thermal ”inert”ia of the hot w~ro
may bo treated lika an electrical cs,pacf.t~nce in comput-
ing the circuit- It appears poss$ble t.o compensate for
the reduced capacitance by a variable condonser. If this
condenser is placed parallel to ras its capacitance need
not be large and it is possible to uso an air coudenser=
Locating the compons~titig condensor parallo2 to ra ap-

pears to be preferable to its alternative pof3ition 2aral-
lel to T3 because in thb f%rm~r case it will not nffect

t-ho feedback of t%e current-regulator stage. .

f

*

Any xosidual reduced capacitance causes a foadback ~.
that is given by

.
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,,.. . .
This feedback, if negative, results ‘in lar”@r jihase lag,
if positive, tends to decrease the phase la_g, as shown

“qualitatively by ~urves % and. c, respective-iy, or
-. .

figure 6. This feature may he used to calibrate and com-
‘.perisate the bridge for alternating-current unbalance.

The kffect of di rect-c urrent unbalance of the bridge .-
I?or the purpose of determining the effect of direct-current
unbalance of the bridge”, the vartation of the hot-wire r~-
sistance with heating current is disregarded and the bri.d e
is assumed to be unbalanced by the amount Ar (fig. S(c)f.

A current i‘t then produces a potential

‘g = Ax ill

on the grid of the “first amplifier stage. ~he sam-e c~rrent
produces, between point-s 1 atid 3 of the bridge,” i-he potefi-
tial

i“(rz + ra)OO=.

The ratio of these two

. . ‘$=

,“.

potentials is. “

%“.2” .A~ ,:. .
80 ‘ r~ + X2,

This ratio Ieads to”a feed%ack factor,.

,.,
.,,.

,,..

-@w’ ;“&r {r= + ‘R) ..
g~ 1

rl”+ -rat
., .“:,. -

..——
—

.. +.

. ..J—

,- \
. . . ~---
. .. (5)

—

Through variation of unbalance of the bridge it is
po-ssible,to produce regener.attvs,. degenerative, or %ero” ‘-”“-=’”

~r3. +R)’ “--, .... . ;. ~ ---

feed%ack by making 1 . Ar gm~s respectively,
rl + ‘2

larger than,, smaller t’ban, or- equal tos 1.
uni,ty.

s-

(

r3+R
In the case, of regenere.tive feed%ack 1 - Ar

-r.=.+ rad ‘,

grll‘)
.<1, oscillations resembling relaxation oscillations

arise .in the circuit. is the amplitude of these oscilla- -
tions exceeds a certain value, the bridge current “is ob-
served to vanish to zero. With” regenerative feedback due

----
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,,..,
to bridge ,unbaZnnce, the circuit was found to.“b~ too unst-a-
ble tio use. .Stable operati-on Is possible for &lirnitod ran’go

(

r
of degenerative feedback for whioh l-Ar Em t

)
> 1.

rl~r=.,

AlthoV&h it appears possible that, the circuit m,ay be opor-
~tod at. zero feedback Ar = O, tests have shown ths..tat
this condition it is excessively sensitive to” out.sldo di?~
turbances. The amount of negative feedback Affects the
over-all transconductance of tho circuit And tho r~tio of.
transconduotance et zero feodbs,ck to trariscohriuct~nco with

feedback iS 1 -*, 14easuroments of this
‘3 +R

1 - Ar
rl + ra 1%~’.

.affe~t wei6 made at the Iintional ~urc?au of Standards and
curves of”-the. t~po of figure 5(d) wore obtained. From oX-
pcrionce with the instrument, the techniquo was developed
of oporating the i?lstrumefit at a bridgo unbalanco AO = - 2
millivolts which rernatnod e.ssontially constant at all con-
ditions of normal operation.

As tho unbalanao,of,the bridge was incroasod townrd
the rogenerntivo side, the circuit would perform high-
frequency oscillations of a large amplitu”dc.

The oj?fcct of intorelectrode- cava citances.- If re-
sponse to high-frequancy velocity fluctuations iB dosircd,
it is-necessary to keep all capacltancos ~t a low value..
Theso Low values may be a“ttainod to some extent through
propor design of the circuit. The eff,e:@tof intoreloc-
trode capacitance of the tubes, howevor, unless componeat-
od by specia~ circuits, plncos certain limitations upon
the magnitude of- the lead resistances cf the amplifier, as
cnn be seen from the following calculation:.

Interolectrode capacitnncos of the first amplifier
stage of circuit III (IN5 tubes)

output = 10 rnicromlcrofnrads
Inp~t, 2d stage ‘:~- 3 mlcromicrofarads
Totnal

a
= 13 rnicromicrofarads,,.

Load resistance 0.25 megohms .-Z&. . ..=..

Assume lX1,000 cycles ~~ = “ 0.815 qegohm-s
.

Ratio of amplification 0.;5 = 0.915

/ (i&d+ (Chw

Phase lag = 1’7.0
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Over-all tr,znsconductance .- The ‘value of the ever-all
transconductance of circuit III for variations of zero fre-
queno~ end neglecting feedback from bridge un%alance was

● . computed as follows:

w=

~lst stagf3~2d stage
R
3d StCi~(3
-

Transconductance, VhOs 480 480

Load resistance, megohms 0.25 O*25

Grid-leak resistance, megohms 2.5 “ 1.5

Grid-l~ak 10SS 0.91 0.86

Amplification ratio 109.2 103.2

Feed%ack factor

2X700~

0.705

.

.

I I 1

Ovei-all transconductance at
zero frequency, mhos 112

“3urrent-regulator st.nge.

This computed value agrees very well with tho measured value.
Characteristics at higher frequen’cie’s are dfscua-~e~ in a
later section.

The Time Constant

For co~stant-resistance operation, the heating current
varies as follows:

i = io(l - gmw - E))-

where

i heating current at zero air velocity0
. . .

E“ resistance of hetiied wire tit zero vQlscity

R instantaneous resistance of hot wire

(6)

.—

..<—

gm ‘ transconductance of circuit
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Th,e time ccnst.=nt “for cons fant-re”sistance o~erat ion is
“’given by Dryden: (reference 3) as’ ,

(7)
● -1—:,

where

m mass of hot wire

s specific heat otim-etal of hot wire

Ra resistance of hot wire at te&perature of mm.bient air

R@ resistan.oe ‘of hot wire at zero temperature

a temperature coefficient of resi6tivit~-

f~r values of the transconductance attainable with the com- _4
pensating circuit ‘

..-

(E - Ra) ii ‘
7

2gm 1
Ra

+>1 (8)”

hence e,quation [7) may be simplified to read

M=
4.2 m s .

22a gml Ztio a
(9)

The time lag may he computed from values for the quantitie~
‘sppearing in equation .(9) chosen in accordance with hot- ‘ -
wire techniaue as follows:

Matqerf,al of hot wire . . . . . . . . . . . . . . nickel

Mass density of wire, p, grams per c“ubic centi-
meter . . . . . . . . . . . . . . . . . . . . . 8.85

Length of wire, 71., ceptirneter . . . . . . . . . 0.635
,

Diameter of wire, d, microns . ~ . . . . . . . “12.’7
aJ@.:f ‘*

Specific heat, s, calorie per *C 0.1032
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Heating current, io, .9mpere . . . . . . . . . . 0.05

Transconductance of circuit, fs~’s mhcs . . . . “ 100
___

Resistivity, r, microhms at 20~ C . . . . . . . 7,8

r Temperature of wire, T, ‘c . . . * . . .. . . .. ““-215
.---..-

Temperature coefficient of resistivity, m . . . 0.00537

Tim-e constant, M, second . ● . . . . . . . . .- 42x10–6
--

Effect of Time Constant upon Amplificati~n ,

and Phase Lag

The time ccnstant decreases tbe amplitude and causes
a phase lag of the electrical impulse as comparqd with the
true signal corresponding to the”veloc-ity fluctuation (ref-

. eroncc 4). .
.. . ,.

Tho ratio of amplitudes at frequency n = -# And at
.

.

zero frequency is
.,

~nd the phase lag is given by

tan-= (Mw} ‘ ~ ‘ (11)

Num6rical ~alues for the d.ocroase of amplitude and the
ph~so lag computed for-circuit 111 “are a“s follows:

—.- -- . ---

Assume n = 5000 cycles, then w = 31,400

~0’r M = 42 X 10-e see: -—”

Ratio of amplitudes = 0.61
.

Phase lag = 42.5~”” ‘ ‘ ,

The results of calibration tests of’”these quantities are
given in figure 6 for, the decrease of amplitude of’re- ‘
sponse for the phase lag. These” results were obtained for
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frequencies up to 8000 cycles, which wae the highest that
could be produced with the harmortic-wave generator. The
signal was imposed uyon the circuit across points 1 and 3
of the bridge. Phs,se lag wae measured %y impressing the
signal upon the sweep circuit and the grid voltage of the
current-regulator st~ge upon the ordinate of a cathode-ray
oscillogr~yh.

Further c~libration tests of response over a range” bf
frequencies were conducted in .which.the signal WaS produced
aerodynamically instead of elec%ricnlly. The apparatus
used for this purpose (see figs. 7 and 8) was developed
for the calibration of hot wires ia fluctuating flew of
large amplitude. .It makes use of the directional charac-
teristics of the wire.

. In this device, the hot wire is mounted on a shaft,
which- may .bo rotnted “throughout n wide rango of speeds,
,?,ndplaced into an air stren.m.. The amplitude of the fluc-
tu,c.t~on~.prO~ucod~ as the wire rot~te.s in the air str~an
m~y b~ varied from O to nearly 100 percent of the velocity
of t-ho air through increaee of tho n.ngle subtended by the
.axoa of tho alr--jet.and tho rotnting shaft from 0° to 90°.

The gscillograph records .(fig. 9) were obtnined with
the c:.li%rating device previously described. They woro
recorded with a General Electrio oscillcgraph, after ampli-
fication of the output signal of the hot-wire Inetrumcnt
in a special.curre’nt- amplifier, ??he hot wire wns a tung-
sten wiro 8.6 microns in diameter and 1/4 inch long. Its
axis of rotation, which is at right angles to tho axis of
the wire, was placed normal to th~ air jet.

Tho frequencies recorded on figure 9 r~ngo “from O to
480 CYCI06 per second and 540 cycles per second, respoc-
tivoly. In both cases the instrument begins to respond-
et approximately 40 cycles por eocond. NO measurable do-
crenso of anplitude of the fluotunticns occurs betwoon
t“hfs threshoid frequency and tho nnximun frequency recorded.
Extension of tho t-osts to higher froquencios wfis lmpoesi-
blo bocntiso of limitntione of “the spoad of the motor driv- #
ing t-he hot wire, whose nnxinun spood was approxinatoly
18,000 rpn, The. fluctuations recOrdod at zero spaed of ro-
tation ,pf the hot wire ara due prfnci.pally to tho turbu- ●

lonco in tho nir stroan =.nil.possibly in part to. nicrophon-
ic effects.
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It is believed th-t the low~r limit of ‘response is
not caused by the hot-wire circuit, which inhorontly re-
sponds to v~.ri~.tions of zero frequency, hut rather by the

● apparatus used for amplifying and recording.

* stability, Microphonics, and Thermionic Sensitivity
——.— __

At very large amplifications of the output signal of
. the circuit, with the hot wire placed in a s–m”tillconfined

space of air to reduce convection, an oscillation or a fre-
quency of approximately 1800 cycles cou3d be observed..
This oscillation appears super’imposed ”tip~n the impressed
oscillations of from 40 to 150 cyclf3s but is not apparent
.~t higher freauenoies. The origin of tti~s fretiuenc-y is

,
.

.

trsced to the-feedback feature ~“f the compensa~tng circuit. ‘-
.——

,-.—

The nmpli.tude of? this oscillation in many cases does
—.

not exceed a,few nercent of the ammlitude to ba mea-8ura&:.
furthermore, it m~y be reducedh-y ~djtis%mk’titof th~ %ri~ge ‘“

● balance. It appears to become smaller as the resistance,.
of the hot wire is increased; I%rther investigation into
the nature and causes. of”thig oscillation are cOri%emPlated.

. .

Investigations at the Nat~onal Bureau 6f Standards
had disclosed that the instrument possessed a .pYonounced:
microphonics response arising in the tubes of”the ampli-
fier and also in the nofilirie-aramplifier “stage. ‘ WhlIe no
,measurements have been made yet of its magn~-tude, this
sensitivity has been reduced greatly by cushioning the am-
plifier tubes. Further reductions are believed possible
by-se~ecting from cotimevcial .ttibes of the .tiypeused those
of lowest sensitivit~; by replacing the tubes used “at t%e
present time with types having the directly heated cath>de
but sturdier constructi~~”.df””.the ’&rid; by using tu%es with
indirectly heated cathode; or by substituting special
tubes available with specified low microphonics sensitivity,
such’ as are. ms,nufactured’by ‘the!Wdsterfi E16dtric Company.
Inf~rmatfon av~fl.able for the “s~ecial “tubes with specified
low”mi.ckophonic “sensitivity also inclu’des ratings for therm
mionic SOIISitiVit~, and it is nbted that for ttibes of T5w-
est inicrophonic response the th~rmionic sensitivity is
only a sma12 fraction 0$ that for” the ‘other types tiefitiened..

k-.
. . ,,

—.
/-

/.,.—-
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Calibration. o.fLinearity of the Instrument
. ..

Shown in Figure 3

It was found that the expwnent by which the reading
is related to the velocity can be adjusted readily to unity
ly varying the bias of the ncnli.m.ear amplif.y.ag stage. The
exponent was fou~liito be constant over a sufflcieatly wide
.range. of velocities. Results of a calibration test aro
given in figure 10..

Directional Calibration of the
,,

Directional Characteristics
‘ ..
Hot-wire readings of the instrument with linear char-

acteristic taken at constant veloclty but varying angle of
incidence between direction of flow-and hot wire are plot-
ted im figure 11. The figure also shows in dQt-and-dash
linae the “sin curve , and it is seen that the calibration
curve (ffg. 11) displaced a few degrees fol’l~ws this sin
curve ~i.th reasonab],e approximation, except in the range
from O to 6° arigle of incidence. It can be stated that
the hot-wire instrument measures the componcut of velccity
in tho transverse plane of.tho wire. This characteristic
of the hot.-wire instrument may-be used “for determination of
the voloc.ity vector from re~dings with’hot vires placed
approximately at right angles to each other.

..
l?urthermore,

simultaneous measurement with two hot wi,re”smay bq “adapted
to the direct determination of the iqstan~ecius and mean
rste of. momentum of flow of-fluctuating ve~ocity and di-
rection-e

CONCLUSIONS

Compensating circuits for operation. of the hot wire,
“~t essent.ia,lly’constaut resistance were found to respond
to fluctuations of velocity over.a wide rang~ of frequen-
cies including apOrio&ic changes Qf VG10Citif3S.

Inatimuch as constant-resistance ~peration established
a definite relation between heating current and wind ve-
locity, it is possible through the addition of a nonlinear
amplifier stage to. obtain a linear relationship betwee~
instrument readi.ng,”an.dwind velocity. .

.
.— .) .. -.-7..; .. ....

-::.. =

A,

b
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Quantitative invest i~ation shows that response and
phase lag are still affected hY the residual thermal in-
ertia of the wire and by capac~”5S”Dc6Q”in tho circuit, and
that this effect may not be neglt3ct2d at hfg~ frequencies.
Thoro is, furthermore, a tcndoncy to oscillations from in-
stability pnd a sons.itivity to micrcphonic disturbances.

—:

Investigation of tho circuit characteristics a??Pos.rstO
.

show, howovcr, that theso effo’cts may bo reduced by con-
ventional tochniquo.
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I
constant( Ci.rouitI i Circuit 11 Cirouit 111

TI \ “m5GT %C3G 1N5GT .. -.
T= ~T~~ %C8G .. m5&r
T3 6T6G 6Y6 ISi.6GTor 6B7

!l?~ 6J7 6Y6G “
-12.~ to 12.5~~;-~oooObJIMG

c~ . 25 micromicrofarads

(Microampcres)
Al I o to 200 “

I
. 0 to 200

Aa I Q to 100

(volts)
31 1

I

1.5 135
B~ 1.5 1.”5
33 go 90
B4 -90 90
35 90 . . 9.0
B=” 1.5 . ./

-1 ““ “-

1;5
B7 ; 90.. 1.5
Be 13-5

1’

54
B9 , ,G. / .“” “~” .%.5 ‘“
a~o ~ .,

i 6

(ohm) = ““ -
Rl + R2 2>500 .,

“i””-,
r-~ 5,000

as 30 30
EA 10,000

I

-10,000-
R~ bo5 “ . , -~*25

Re b-l .!

l“” 60,000
R7 50,000 . :.. b2,5.~

R* 75
.

‘ h.25-.
R~ l~o ‘i”” ;0,000

Rlo 750,000
R 11 750,0C41
Rla 10,000
R13 ?15
1114 50,000
R15 ‘

1“
25,000

Rl~
I

75
R 17 15Cl ‘

..
‘In one shell. —

@teasured in megohms. ;

I
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.

.

—
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#
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Figure 3.- Hot-Tirecircuit111with additionalstage for linearreading.
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(b) Effect of the potentialaorob8
the bridge resistanceR3 upon
the

r
id voltageof the current

rego ator stage.
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(o) EffOC.tof dlreot-ourrentunbalauoe (d) Variaiionof tranaoonduot=oe of the
of the bridge. olrouitwiththedlreot-ourrentun-

balanoe of the bridge.

Figure S.- Detalle bf the hot-wireolroult,
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0 1 a 3 4’5 6 7 8XI03
Frequenoy, oyolem

Figure 6.- Vulation of amplltu?de of renponae ~ of phaee lag with frequanoy for oiroult 111.
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Figure 8.-

‘,:,

Photograph of the calibrating device showing the hot-tire holder
and sliding contaots in the insert to the left.
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Figure 10.- Oalibratlonouzve‘forline= daraaterlstio.
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Figuze ll.-Direotlonal oharaoterietloaof the hot WirOOOirOUitwith linearreadtnga.

“ f–


